Magnetic polymer composites (MPC) have shown promise for emerging biomedical applications such as lab-on-a-chip and implantable drug delivery. These soft material actuators are capable of fast response, large deformation and wireless actuation. Existing MPC modeling approaches are computationally expensive and unsuitable for rapid design prototyping and real-time control applications. This paper proposes a macro-scale 1-DOF model capable of predicting force and displacement of an MPC diaphragm actuator. Model validation confirmed both blocked force and displacement can be accurately predicted in a variety of working conditions i.e. different magnetic field strengths, static/dynamic fields, and gap distances. The contribution of this work includes a comprehensive experimental investigation of a macro-scale diaphragm actuator (in terms of both force and displacement); the derivation and validation of a new phenomenological model to describe MPC actuation; and insights into the proposed model's design-based functionality i.e. scalability and generalizability in terms of magnetic filler concentration and diaphragm diameter. Due to the lumped element modeling approach, the proposed model can be adapted to alternative actuator configurations, and thus presents a useful tool for design, control and simulation of novel MPC applications.
Introduction
Advancements in soft smart material actuators have shown promise for novel biomedical applications due to their versatility and inherent compliance [1] [2] [3] . Smart materials, such as dielectric elastomer actuators [4] and ionic polymer-metal composites [5] , are capable of generating stress and undergoing strain when excited by an externally applied electric field. Magnetic polymer composites (MPC), a new soft smart material, may hold qualities ideal for emerging biomedical applications, e.g. ventricular assist devices (VAD), lab-on-a-chip and implantable drug delivery. MPC, otherwise known as ferrogel [6, 7] , magneto-active polymers [8, 9] , magpol [10, 11] , or magnetorheological elastomers [12, 13] , are magnetically-driven soft actuators. They comprise of magnetic particles embedded within a flexible polymer matrix, undergoing bulk deformation in the presence of an external magnetic field. MPC are easily processed into different (complex) geometries and are capable of large deformation, fast response and wireless actuation [14] [15] [16] . Existing applications of MPC in literature include artificial muscle [17, 18] , origami engineering [19, 20] and microfluidics [21, 22] , to name a few.
Numerous researchers have presented detailed physical (white-box) models that describe MPC actuation in terms of force and displacement [23] [24] [25] [26] [27] [28] [29] [30] . Many of these methods are based on, for example, continuum mechanics or Eulerian-Lagrangian formulations, and are mostly suited to finite element simulations where modeling complex loading and detailed structural analysis is sought after. However, these approaches are computationally expensive and difficult to implement with respect to controller design and real-world applications. Simplified models applicable for rapid design prototyping, simulation and control have been limited. Traditional modeling approaches have focused on accurately simulating shape deformation associated with coupled magneto-elastic interactions or, at the microscopic scale, simulating individual magnetic inter-particle interactions [31, 32] . Moreover, existing models do not account for both MPC and the electromagnet; instead a homogeneous (or nonhomogeneous) magnetic field is typically applied at the boundaries of the solution space.
In this paper, we propose and validate a 1-DOF grey-box model capable of predicting wirelesslyactuated, macro-scale MPC diaphragm displacement and force. The proposed model simulates the electromagnet, magnetic diaphragm, and resulting magneto-mechanical interaction between the two.
The purpose of this simplified model is to serve as a design, control and simulation tool for novel magnetic polymer actuator applications. The objectives were to investigate the effect of changing magnetic filler composition and geometry on actuator performance, propose a model that can predict diaphragm actuation, and finally validate this model against experimental data and assess scalability.
The physical configuration of the actuator is described in [14] and outlined in Figure 1(a) . Here, a single electromagnet is energized to wirelessly actuate a clamped magnetic diaphragm. This configuration provides greater actuator control because the magnetic field can be directly varied without altering the physical arrangement, as with permanent magnet configurations. In addition, this configuration is scalable and thus more practical for untethered applications when compared to larger dipole electromagnet and Helmholtz coil setups [13, 33] .
The main contributions of this paper to the field include: a comprehensive experimental investigation of a macro-scale MPC diaphragm actuator, the derivation and validation of a new 1-DOF MPC actuator model for design, control and simulation, and insights into the design-based functionality (i.e. scalability, generalizability) of the proposed model. It should be noted that this model is not strictly limited to diaphragm/membrane applications; it can be adapted for alternative configurations due to the lumped element modeling approach.
Modeling the Soft Magnetic Diaphragm Actuator

Model Overview
The 1-DOF model to describe MPC actuation is illustrated in Figure 1(b) . Preliminary investigation of this phenomenological model was described by the authors in [34] . The model showed promise for predicting diaphragm displacement, however, did not account for the electromagnet's fringing field and only considered the interaction force along the central axis. Due to this, the ability to predict displacement at different gap distances was limited. We hypothesized that accuracy could be improved by including the fringing field. The proposed model accounts for this field, which, in turn, allows force to be predicted as well.
The following characteristics of the physical system are modelled; the electrical properties of the electromagnet, mechanical properties of the diaphragm, and magnetic interaction force between the magnetic field and magnetic diaphragm. The model input is voltage, and output is maximum diaphragm displacement and force.
The electrical characteristics of the electromagnet are approximated by a series resistor-inductor circuit.
Electromagnet current is determined using the relationship, derived using Kirchhoff's Voltage Law, in Eq. 1; where V is input voltage, I is electromagnet current, R is electromagnet resistance, and L is electromagnet inductance.
The electromagnetic behavior of the electromagnet is approximated using a single current loop, illustrated in Figure 1 (c). The magnetic field generated by the electromagnet at a particular point can be described, in terms of current and gap distance, using the field equation adapted from [35] .
( , where, = 0 −
Where B is the magnetic flux density, x is diaphragm displacement, I is electromagnet current, a is electromagnet radius, c is the speed of light, θ is the angle between the x axis and a point on the diaphragm along the y axis, and r0 is the fixed gap distance between the surface of the electromagnet and diaphragm (a fixed parameter of a given physical configuration).
The magnetic field generated by an electromagnet/solenoid varies at different distances from the coil center. As illustrated in Figure 2 (a), field strength is greatest at the inner radius of the coil. This fringing magnetic field must be accounted for in order to accurately simulate the magnetic interaction forces.
The net magnetic interaction force, F, is thus given by the expression in Eq. 3, where Em, the magnetomechanical coupling factor, accounts for the magnetic properties of the system and D is the diameter of the MPC diaphragm. This force model was compared and validated against experimental data and is illustrated in Figure 2 (b).
The mechanical behavior of the clamped diaphragm is approximated by a single DOF, second order mass-spring-damper system. Diaphragm displacement is given by the following expression; where x is diaphragm displacement, F is the net magnetic interaction force, and C, K, and m are the equivalent damping, stiffness and mass of the system, respectively.
At large displacements, in-plane tension is no longer negligible and clamped diaphragm behavior becomes inherently nonlinear, as shown in [36, 37] . To capture this non-linearity, stiffness of the clamped diaphragm was modelled as a Duffing's hardening spring [38] .
Where K is the equivalent stiffness of the system, and K1, K2 are the spring coefficients.
Summary of the Model Parameters
The model parameters are summarized in Table 1 . The electromagnet radius, a, gap distance, r 0 ，and diaphragm diameter, D, are physically measureable properties of the actuator configuration.
Electromagnet resistance and inductance are given by R and L, respectively. The magneto-mechanical coupling factor, Em, encompasses the magnetic properties of the system, i.e. magnetic permeability of the composite, and is related to the filler concentration (wt%). The nonlinear spring coefficients, K1 and K2, are representative of the diaphragm stiffness. The equivalent mass and damping of the diaphragm are given by m and C, respectively. are identified using a combination of experimental data and multi-objective optimization. Parameter identification, for a single MPC diaphragm, is described in detail in section 3.
Model Parameter Identification
Eight different tests, of varying magnetic field strengths and gap distances, were conducted to quantify the blocked force and displacement capabilities, identify model parameters, and validate the model for a single MPC diaphragm actuator. These tests are summarized in Table 2 and described in detail in section 5. Note, 'max displacement gap distance' is the gap distance at which maximum diaphragm displacement occurs during T1. For parameter identification, measured experimental data from T3, T5
and T8 were used.
Electromagnet resistance (R) and inductance (L) were first calculated using measured current data from T5. The remaining parameters (Em, K1, K2, C and m) are all diaphragm-specific. The magnetomechanical coupling factor, Em, was evaluated analytically using measured current and blocked force data from T8. The nonlinear stiffness coefficients were then determined, analytically, using measured current and displacement data from T3 and T5.
Transient behavior of the MPC actuator is characterized by the damping ratio and natural frequency of the system, both of which are related to C and m. This behavior can be quantified by analyzing settling time error and root mean square error (RMSE) between simulation and experimental data. A multiobjective elitist genetic optimization, based on the NSGA-II algorithm [39] , was utilized to tune the transient response by optimizing the remaining diaphragm-specific mechanical parameters, i.e. C, m, against multiple performance criteria. These parameters were optimized using displacement data from T3 and T5; step responses at two different magnetic field strengths. A total of four minimization objective functions were used in the optimization; 2% settling time error (STE) and overall RMSE between the experimental and simulated responses for both T3 and T5. Regarding the optimization 
The MPC diaphragm is composed of two parts; a polymer matrix and magnetic filler. Here, silicone rubber (Ecoflex 00-30, Smooth-On, USA) and magnetite (Synthetic Fe3O4 Microparticles, Inoxia Ltd, UK) were used for the matrix and filler, respectively. To begin, the uncured silicone and magnetite powder were thoroughly mixed using a planetary mixer (Mazerustar KK-50S, Kurabo, Japan). The composite was cast into a mold, degassed in a vacuum chamber for 10 minutes, and left to cure in an oven at 80 °C for one hour. This standardized process ensured fabrication was robust and repeatable.
Once cured, each sample was clamped and pre-strained to 10% (using a customized rig) to ensure a uniform surface stress profile. 
Experimental Setup and Testing Protocol
Diaphragm displacement and blocked force experiments were conducted on each MPC sample using the setups illustrated in Figure 3 . A 50 mm diameter holding electromagnet (ZYE1-P50/27) was used to actuate the diaphragm in each trial. Diaphragm displacement was measured using a laser displacement sensor (LG10A65PU, Banner Engineering Corp., USA). Blocked force was measured using a high precision force transducer (SS2, Sherborne Sensors, UK). To prevent magnetic interference affecting the transducer measurements, a plastic coupling was used to connect the diaphragm and sensor together (shown in Figure 3(b) ). Both setups featured an adjustable platform to automatically vary the gap distance between the electromagnet and diaphragm. Each sample was tested in air, at room temperature. A current sensor (1122 Current Sensor, Phidgets Inc., Canada) measured power consumption of the electromagnet during operation. Both systems were interfaced to a PC through an Arduino module, and LabView was used for the user interface and data acquisition.
To begin the experiments, static displacement tests were carried out at discrete gap distances, beginning at 25 mm and decrementing by 1 mm intervals until zero (T1). At each position, the electromagnet was energized and the steady-state diaphragm displacement recorded. The applied field at each step was 0.23 T, measured using a tesla meter (Nvis 621, Nvis Technologies Pvt. Ltd., India). Next, the displacement step response of the system was recorded at varying magnetic field strengths (given in Tesla); 0.06 (T2), 0.11 (T3), 0.16 (T4) and 0.23 (T5). Finally, the dynamic displacement behavior of the system was recorded when excited by a 1 Hz sinusoidal input, at 0.23 T (T6). Trials T1 and T5 were repeated for the blocked force experiments, and aptly named T7 and T8 respectively.
For the displacement step response measurements (T2 -T5), the gap distance was set to 2 mm above the maximum displacement gap distance recorded during T1. The gap distance for the fixed frequency test (T6) was set to 3 mm above the maximum displacement gap distance. The gap distance for the blocked force step test (T8) was kept constant at 2 mm for all samples.
As mentioned earlier, T3, T5 and T8 were used for parameter identification and multi-objective optimization. T1, T2, T4, T6, and T7 were used for model validation.
Results
The influence of magnetic filler concentration and diaphragm diameter on actuation
The step responses for diaphragm displacement at various gap distances are illustrated for the 10, 20
and 30 wt% samples in Figure 4 (a-c). Increasing the magnetic filler concentration increases the maximum displacement of each diaphragm and its operating/wireless range. The maximum recorded displacement was 6.9 mm for the 30 wt% 60 mm sample. As the diaphragm diameter decreases, Increasing the magnetic filler concentration increases the blocked force. As expected, maximum blocked force occurs at a zero gap distance. The maximum recorded blocked force was 0.56 N for the 30 wt% 60 mm sample.
Summary of Multi-Objective Optimization and Model Validation Results
A simulation of the RL circuit step response and representative example of the optimization and validation results (for one sample) are illustrated in Figure 5 . In addition, displacement and blocked force simulations for all samples are shown in Table 3 and 4, respectively.
The mean (standard deviation) across the three filler concentrations is displayed for each entry. 
Assessing Model Generalizability
To assess the model's scalability and generalizability (in terms of filler concentration and diaphragm diameter), a set of parameters were evaluated for two unknown samples. These samples were then simulated and compared against independent experimental results.
The identified model-sets for the 10, 20 and 30 wt% samples were used to derive relationships for each diaphragm-specific parameter (i.e. Em, K1, K2, C, m) in terms magnetic filler concentration and diaphragm diameter. A piece-wise cubic interpolation was used to create surface fits for all five parameters, illustrated in Figure 6 . Given a filler concentration and diameter, these surface fits can be used to approximate each of the five diaphragm-specific model parameters. Although only nine data points were used to generate each plot, they help illustrate the general relationship between filler concentration and diaphragm diameter for each parameter. For example, it can be seen that Em, the magneto-mechanical coupling factor, increases with both filler concentration and diaphragm diameter; most likely due to the increasing number of magnetic particles within each sample. A set of parameters were evaluated for the 15 and 25 wt% samples (45 mm diameter). The simulation results were compared against experimental results, for both samples, and are summarized in Table 5 . and, in addition, demonstrate its potential as a scalable design tool. Figure 6 . Surface fits for each diaphragm-specific parameter in terms of filler concentration (wt%) and diameter (D), generated using piece-wise cubic interpolation. Identified parameters are denoted as blue dots. 
Discussion
A phenomenological model capable of predicting magnetic diaphragm actuation has been proposed and validated. Low RMS and settling time errors were achieved across all step response trials. Accurate tracking was observed for the displacement, blocked force vs gap distance trials, as well as the dynamic sinusoidal trials. Samples of different magnetic filler concentration and diameter were used to demonstrate scalability.
It was clear from the experimental results that both blocked force and maximum diaphragm displacement increase with increasing magnetic filler concentration. Here, 30 wt% filler concentration approaches the fabrication limit for the chosen constituents. Above this, polymerization is affected and curing becomes an issue. It is possible to achieve greater filler concentrations with alternative materials but this was out of scope for this study [24, 40] .
The model consists of three main components; the electromagnet, diaphragm and interaction between the magnetic field and magnetic particles. The solution takes form as a nonlinear second order model with a static nonlinear forcing term. In addition to being used as a simulation and design tool, the relatively simple and computationally efficient model means implementation with advanced control strategies, such as model-predictive control, is also possible. This is important for applications where strict constraints must be adhered to e.g. VADs, drug delivery pumps. Implementation of this model for different control strategies will be explored in the future.
Parameter identification and validation demonstrated the model is capable of predicting blocked force and diaphragm displacement. The validity of the model was confirmed when testing within each sample.
In addition, accurate prediction of unknown samples, samples excluded from parameter identification and validation, highlighted good design-based functionality i.e. the model can make generalized predictions and is scalable in terms of diaphragm diameter and magnetic filler concentration.
The use of multi-objective optimization to evaluate model parameters also presents an interesting use case whereby the response of the system can be tuned to several different performance criteria. Here, 2% settling time error and RMS error were used, however, other objective functions, such as overshoot and steady state error could also be introduced. The ability to specify desired performance characteristics make this modeling approach powerful because model parameters can be reverseengineered to determine diaphragm diameter and filler concentration (which then can later be used for fabrication).
The validation results demonstrate the model is capable of predicting step and sinusoidal responses at different gap distances. A limitation of the model, however, is the ability to predict the saturation effects seen in the displacement of smaller diameters; as observed in Figure 4 (a). With smaller diameters, the fringing magnetic field is strongest near the edge of the clamped diaphragm, where non-linearity effects due to in-plane tension become more significant. Currently, these highly nonlinear effects are not modelled, however, could be accounted for by including a more complex stiffness term or a finite element mechanical model.
The thermal characteristics of the electromagnet present another potential limitation for longer term simulations. During continuous use, the temperature of the electromagnet increases. This directly affects the resistance and inductance, and ultimately lowers the strength of the magnetic field. These thermal effects are not taken into account, however, can be ignored if only relatively short time periods are simulated i.e. seconds instead of minutes, or if increases in temperature are negligible.
Conclusions
In this paper, a 1-DOF model was proposed to describe blocked force and displacement of a magnetic diaphragm actuator. Unlike existing models, both the MPC and electromagnet were modelled; coupled together by approximating the magneto-mechanical interaction between the electromagnet's magnetic field and magnetic particles within the MPC. Here, model input is electromagnet voltage and output is diaphragm force/displacement. Model parameters were identified analytically and by using multiobjective optimization. Interestingly, the multi-objective approach opens up the possibility to further fine tune actuator response by specifying weightings on performance-related criteria.
Validation against experimental data confirmed the model is capable of predicting diaphragm actuation at a variety of magnetic field strengths, gap distances, filler concentrations and diaphragm diameters.
Furthermore, the model demonstrated good design-based functionality (in terms of magnetic filler concentration and diaphragm diameter) by accurately predicting blocked force and displacement of two unknown samples. The force generating capabilities of the actuator were also quantified, and the effects of changing geometry and material composition on actuator performance were investigated. Increasing magnetic filler concentration and/or diaphragm diameter increased both blocked force and diaphragm displacement.
The proposed lumped element modeling approach has presented a scalable tool for the design, control and simulation of future MPC applications such as VADs, lab-on-a-chip, and implantable drug delivery.
Implementation of this model in new control strategies will be explored next.
